Abstract-We posit that limiting performance metrics of error control protocols to throughput and delay is inappropriate when terminals are powered by a finite energy battery source. We propose the total number of correctly transmitted packets during the lifetime of a finite energy source as another metric. We study the Go-back-N error control protocol assuming (1) Markov errrors on both the forward and the feedback channels and (2) a finite energy source with a flat power profile, and characterize the sensitivity of the total number of correctly transmitted packets to the choice of the output power level. We then generalize our results to arbitrary power profiles through both a recursive technique and Markov analysis. Finally, we compare the performance of GBN with an adaptive error control protocol (which slows down the transmission rate when the channel is impaired) and document the advantages.
I. INTRODUCTION
Small portable communication devices are an integral element of personal communication systems that are being considered for third generation systems. These mobile devices must rely on limited battery energy to conduct communications over a wireless channel that is prone to correlated bursts of errors due to fading and other propagation impairments. This raises the question of how best to perform error control in an energy efficient manner. Well known error control schemes such as FEC, ARQ or Hybrid ARQ can all be used to overcome channel outages. In the design of error control schemes, one traditionally trades off complexity and memory requirements for throughput and delay. How do these schemes perform in the context of energy constraints? Acknowledging energy constraints opens up some new possibilities. Error control schemes that are known to be suboptimal in the absence of energy constraints may turn out to be superior when such constraints are factored in.
In their native modes, classic ARQ protocols, such as Go-Back-N (GBN) or Selective Repeat (SR), overcome errors by retransmitting the erroneously transmitted packet, regardless of the state of the channel. Thus, even when the channel is bad, these protocols keep retransmitting and expending energy since such action maximizes the performance. In fact, when the channel becomes good again, packets are received correctly with minimal delay. In the energy constrained environment, repeated retransmission when the channel is bad leads to a loss of energy. Subsequently, when the channel becomes good again the depletion in energy may make transmissions more prone to errors requiring potentially more transmissions, leading to a catastrophic loss of energy. The point here is that persistence may not be desirable when energy consumption is a major concern. While the persistent strategy maximizes channel use, it also maximizes the number of transmissions, making it energy inefficient.
Thus, limiting performance metrics to throughput and delay is not appropriate in the mobile wireless environment. Instead, the total number of correctly transmitted packets during the lifetime of a finite energy source may be more appropriate. In this context, the mobile terminal has a choice. It could transmit at a higher power level for a short duration or a lower power level for a longer duration. What is, then, the best way to manage the limited available energy? It is interesting to note that in voice applications timing requirements may exclude the possibility, whereas the increased flexibility of data transmission might be exploited in this sense.
A related topic to address in this regard is the modelling of power sources. A significant amount of work on the development of new batteries has been done in recent years. Performance metrics that are commonly reported are the constant power, constant current and constant load capacity. With most types of cells these three capacities are not equal, implying that one can get more out of a given cell by draining it in the "right way". The characterization of cell discharge under dynamic conditions is arguably a more interesting figure of merit in the context of communication devices. One reference on the topic [1] indicates that cell capacity is strongly influenced by the available "relaxation time" between current pulses. In [1] the authors studied cylindrical alkaline cells subject to a periodically pulsed current discharge, and found that the cell capacity increases (up to a limit) as the duty cycle decreases or the frequency increases. In general, the actual relationship between how much of the cell capacity is recovered during an off period depends on the cell chemistry and geometry [2] .
What is interesting to note here is that batteries may themselves impose a power profile as they discharge. In summary then, even if the output power is not altered by design it may change through the natural processes that occur within the battery, e.g., it may decrease as energy is drained. This further reinforces the need to understand the sensitivity of the total number of transmitted packets to the transmitted power level.
In this paper, we first study the Go-back-N ARQ protocol, along with an adaptive version of it. However, it will be clear that the approach does not depend critically on this choice of the protocol, and can be applied to any protocol for which a Markov model can be found. We assume a finite energy source with a flat power profile and characterize the sensitivity of the total number of correctly transmitted packets to the choice of the output power level. A flat power profile corresponds to an energy source that is capable of maintaining a constant output power until the discharge is complete and the battery ceases to operate. We then generalize our results to arbitrary power profiles by developing a recursive approach to computing the total number of transmissions during the battery lifetime.
The paper is organized as follows. The system assumptions and the general Markov models for the channel and the protocols are described in Section II. Sections III and IV treat the cases of flat and general power profiles, respectively. Conclusions are given in Section V.
II. SYSTEM MODEL AND ANALYSIS OUTLINE
The performance of retransmission error control strategies over a fading channel has been addressed by a number of authors, including [3] - [12] . In most of these studies [7, 8, 9, 10, 11, 12] , the fading channel is modeled as an ON and OFF process that is described by geometrically distributed sequences of correct and erroneous slots [13] . More precisely, this Markov channel is completely defined by the transition matrix
; M (1) = p q r s ; (1) where p(x) = 1 ? q(x) (r(x) = 1 ? s(x)) is the probability that the transmission in slot i is successful given that the transmission in slot i ? x was successful (unsuccessful).
Using this Markov model for the channel errors, the performance of various protocols can be computed. For example, the throughput and delay of different versions of the ARQ Go-Back-N protocol were considered in [7, 8, 9, 10, 11] , and the throughput performance of ARQ Selective-Repeat were studied in [8, 9, 12] . In these papers, a Markov model for the protocol operation over the Gilbert channel was found and solved, and the performance could be computed as a function of the Markov transition probabilities.
In order to perform a realistic analysis of these protocols, however, the correct relationship between the physical channel parameters and the Markov model is to be identified. In other words, the transition matrix of the Markov model must be related to quantities such as the Doppler frequency of the channel, the data rate on the channel, the fading margin, etc. The problem of relating these physical channel characterization to the data-link performance has been addressed in [14] , where it was shown that the Rayleigh fading envelope can be very well approximated by means of a one-step Markov process with continuous amplitude.
A further step in the modeling of the error process was presented in [15] , where it was shown that for a broad range of parameters the sequence of packet success and failure can be itself approximated by means of a simple two-state Markov chain, i.e., the model in (1) . A detailed approach would require the study of the specific receiver utilized and of the coding/modulation details [16] . However, a reasonably satisfactory model can be obtained assuming that a block is correctly received only if the signal-to-noise ratio is above a certain threshold . We also assume that the noise power is a constant, and that the average signal power is F times larger than the noise power. F is called the fading margin, and gives the maximum fading fluctuation that does not impair the transmission. We allow the fading margin for data blocks and ACKs to be different.
For the common case of a Rayleigh fading channel, it is shown in [15] that the Markov parameters can be found as [17] , and Q( ; ) is the Marcum Q function. " is the steady-state probability of a packet error.
In the following, we use the above equations to relate the physical channel characterization to the appropriate Markov parameters. As already mentioned, such a Markov model for the channel (including both directions of communications) usually results in a Markov model for the global protocol operation. Without going into the details of the corresponding analysis, we will only use the results, and refer the interested reader to the literature (e.g., [7, 8, 9, 10, 12] ). For the purpose of illustration, we will consider the classic ARQ Go-Back-N protocol, even though our results can be extended to any other protocol whose Markov model is available. Also, as an example of a class of protocols which exploit the memory of the channel to enhance the energy performance, we consider an adaptive version of GBN, described in [18] , which slows down the transmission rate as it detects poor channel conditions.
A. A more detailed approach
As a more powerful alternative to the Markov analysis, it is possible to develop a recursive approach for the evaluation of the number of correctly transmitted packets as follows. Let and R be two matrices which give the number of transmissions and the rewards earned (acknowledged transmissions) for each transition [19] .
Let i (u) denote the total number of rewards earned during the time interval between the instant immediately after the u-th transmission and the instant in which the battery is discharged (u = U ), given that at the beginning of this interval the protocol was in state i. Then, the following recursion holds:
where P ij is the transition probability from state i to state j. Therefore, the average of i (u) can be found as
where the index of the sum, j, ranges on the whole state space of the Markov chain. The average total number of successes within the battery lifetime is simply i (0). More precisely, one should average this quantity over the probability distribution of the initial state, i. Note, however, that in the long run the effect of the initial state vanishes, and can be neglected for any practical purpose, so
The results for the average total number of successful packets during the battery lifetime obtained from (7) are the same as those given by steady-state Markov analysis. We remark, however, that one could use this recursive approach to find higher moments than the simple mean, which can be more difficult to compute via direct Markov analysis. Also, this recursive technique can be easily generalized to the case in which the transition probabilities change in time, as will be discussed in the Section IV.
III. ENERGY CONSTRAINED ARQ -FLAT POWER PROFILE
Consider the ARQ Go-back-N protocol as an example, although most of the following considerations apply to a wide range of protocols. Given the output power or, equivalently, the fading margin, it is possible to compute the throughput of the protocol, , i.e., the average number of successfully transmitted packets per slot, and the average success probability, !, i.e., the average number of successfully transmitted packets per attempted transmission.
In the GBN example, where a transmission is attempted in each slot (we assume here that there is an infinite supply of packets), we have = !. In general, they could be different with !, as happens for the adaptive scheme of [18] . Of course, and ! are functions of P , the output power of the device.
Let us assume here, for simplicity, that the battery has a flat power profile, i.e., that its output power does not decrease while it discharges, until the discharge is complete and the battery goes out of operation. The total average number of transmissions that the battery can sustain is inversely proportional to the output power, P . Therefore, if a battery is capable of U 1 transmissions at power P 1 , one could choose to perform U 2 transmissions at power P 2 instead, provided that the total energy drained from the battery is kept constant, i.e., P 1 U 1 = P 2 U 2 E. If !(P ) is the average number of successful transmissions per transmission attempt (i.e., the success probability of a transmission), and assuming a flat power profile, we can express the average total number of successfully delivered packets within the battery lifetime as
From (8), it is clear that the total number of transmissions allowed by a battery is proportional to the quantity (P ) = !(P )=P , which is a function of P . Furthermore, since !(P ) 1, it is clear that as P increases beyond a certain limit, Λ(P ) will tend to zero. Also, it is reasonable to conclude that if P gets too small, Λ(P )
will decrease. This facts show that if the output power is too large, the reduced number of possible transmissions overweighs the increased success probability, whereas if the output power is too small, the opposite is true. Mathematically, the optimal value of the output power (in the sense of maximizing Λ(P )) is given by the solution of the following equation:
Thus the task reduces to computing (P ) and determining its maximum. 
A. Results
In Fig. 1 we plotted (P ) vs. P for a slowly varying Rayleigh fading channel with AWGN. In this figure, the power P (expressed in dB) is given relative to the noise level, and represents the fading margin (i.e., the margin that the signal has over the noise after being averaged over the fading distribution). Also, the fading margin experienced by the reverse link (carrying the acknowledgments) is indicated on the curves. A comparison of these curves shows that, when the reverse link is sufficiently reliable, the performance is almost independent of the actual value of the fading margin on the reverse link. At the same time, an unreliable reverse link impacts overall performance adversely.
These curves also show that it is optimal to transmit at a very low power on the forward link. For the slow fading parameter values considered, many low power transmission attempts seem to be more desirable than attempting few high power transmissions. This result may seem counterintuitive, because one expects to always maximize the probability of success of a transmission by using higher power. This is certainly true for voice, where excessive loss or delay can not be tolerated. However, in a packet switched environment, where retransmissions are possible, it is evidently more desirable to trade a low success probability per transmission for a larger number of attempts. If one takes into account the fact that the number of possible transmissions is inversely proportional to the output power, this finding seems very natural. In fact, in the throughput vs. the fading margin curves reported in the literature [3, 4, 10, 12] , one can clearly see that adding, say, 3 dB to the fading margin hardly ever doubles the throughput, so that it is better to turn those additional 3 dB into a double number of transmissions.
Finally, from Fig. 1 it is possible to see how the energy efficiency of the adaptive scheme [18] , which takes advantage of some information about the channel characterization, is superior to that of the simple GBN, showing how new protocols specifically designed for this kind of channels can outperform generic schemes. If the fading process varies more rapidly, we expect the performance to degrade, since clustered errors are less harmful than iid in this context. Also, the adaptive scheme, which tries to predict the channel status and acts accordingly, is subject to an even worse degradation, since fast fading does not allow it to operate properly. As an example, Fig. 2 reports some curves for a large value of the product f D T , corresponding to a Markov error process very close to iid. It can be noted that in this environment the performance of both schemes is degraded, and that the adaptive scheme loses its advantages and performs worse than GBN, as just discussed.
In this discussion, the actual throughput, and therefore the actual time scale, have been neglected. This is because we computed the number of delivered packets, without worrying too much about how long it takes to deliver them. However, there might be some constraints on the delivery time. For example, a user may want to maximize Λ(P ), under the additional constraint that the instantaneous throughput (i.e., the probability of a successful transmission in a time slot) and the packet delay caused by the retransmission mechanism do not go too small or too large, respectively. In other words, being able to maximize the battery life may be of no use if the resulting data rate (in bit/s as opposed to success/attempt) is too low.
To capture these additional constraints, consider the GBN protocol again. For a given value of P , we can derive the value of (P ) and the corresponding value of (P ). In Fig. 3 , we have plotted (P ) vs. (P ) for varying P , obtaining a graph which is very helpful in discussing the throughput-constrained optimization we are considering. The same results are plotted vs. 1= in Fig. 4 , and are somewhat representative of the trade-off between energy efficiency and delay performance. From these figures, we can see how the power management efficiency, (P ), is related to the average throughput, (or its inverse). Considered from a different perspective, these results indicate how to improve the energy management under quality of service (QoS) constraints. In fact, is proportional to the peak rate the user can get, and 1= is roughly proportional to the delay caused by the protocol. Other parameters could be computed, such as for example the standard deviation of the delay (jitter), etc. Based on the above discussion, one is led to conclude that the best management of the energy sources is to keep the output power at the mobile as low as possible (while taking into account QoS constraints, if any), and on the other hand to guarantee a sufficiently reliable feedback channel. From Figs. 3 and 4 , it can be clearly seen how the adaptive scheme provides a gain over GBN, provided that the QoS constraints are not too strict. Otherwise, the two protocols perform about the same. It is interesting to note that strict QoS constraints (e.g., > 0:5) are very expensive in terms of energy efficiency, whereas less demanding conditions allow a much better power management.
IV. ENERGY CONSTRAINED ARQ -GENERAL POWER PROFILES
In the previous section, we considered a flat power profile, meaning that the output power of the battery was not a function of its discharge, as long as the battery could be considered "alive", after which it was zero. We also imposed the constraint that the product of the output power and the number of attempted transmissions be constant. In this section, we generalize the above approach to a more general class of profiles.
Consider a power source that starts transmitting packets with an initial power P (0). Let P (u) be the output power after the u-th transmission, which determines the probability of success of the (u + 1)-st transmission attempt. Define the function P (u) as the power profile of the power source, and note that it depends on the battery characteristics and on the initial power, P (0). For simplicity, we assume here that the output power does not depend on anything else. In this context, the previous case of flat profile has P (u) P (0) = P for u = 0; : : :; U ? 1, and P (u) = 0 otherwise. The normalization condition, P U E, can now be generalized as (10) and allows to compare the effect of different profiles under the same total radiated energy. We can consider any functional form for P (u) and determine the lifetime U according to (10), or we can fix the lifetime and find the relationship among the parameters defining P (u), effectively restricting the set of possible shapes of P (u).
We remark that, in this model, the output power (and therefore the fading margin) will change over time, and will usually decrease as the number of transmissions performed increases. Therefore, the average throughput and success probability will change in time as well. The recursive technique of Section II can be easily used to compute the performance in this time-varying context. In particular, the average total number of transmissions during the battery lifetime can be computed from (u) ? j (u + ij ) + R ij ; (11) where the transition probabilities, P ij , now depend on the battery ouput power, which in turn depends on the energy status of the battery, u.
This technique gives the exact result if the time during which the output power P (u) can be considered constant is much larger than the interrenewal time with high probability. This assumption is by no means restrictive, for two reasons. First of all, it is required only in order to express the n-step transition matrix of the Markov process as the n-th power of the one-step matrix. This makes things easier, but is not essential, in the sense that the n-th power can be replaced by the product of n matrices to take into account the possibly non-homogeneous nature of the Markov chain. Secondly, if we choose as renewal instants the visits to the state in which normal operation occurs (i.e., both channels are good), the average interrenewal time is at most a few slots, where it appears very unrealistic that a significant decrease in the output power can be observed. This last observation is also useful because it leads to a much simpler analytical alternative to the recursive technique and gives practically the same results in most cases of interest.
Let us assume that the power profile is smooth, meaning that the variations in P (u) are so slow that the system reaches the steady-state and stays in it for a sufficiently long time before any appreciable variation of P (u). This assumption is especially valid when the battery is to support the transmission of a large number of packets, e.g., of the order of 10 6 . Using the recursive approach, we found that after a moderate number of transmissions (of the order of 10
3 ) the system has met the above condition, meaning that the profile can be considered smooth if jdP(u)=duj 10 ?3 . Under this assumption, we can imagine that the system will "always be in steady state", and the total number of packets delivered during the battery lifetime can be found as
Of course, for a flat profile (the "smoothest" possible) all of the above is strictly true, and (12) yields (8) .
A. Results
The above approach can be applied to a power profile with general shape. Unfortunately, even though we looked for results on practical batteries, we could not find them in the open literature.
The only results about intermittent and dynamic discharge we were able to find [1, 2] assumed time scales of the order of the seconds or larger, which are clearly not appropriate in the present context of high data rate packet transmission, where the length of a time slot is rather of the order of milliseconds. Interestingly, no studies have been found which address the problem of the stochastic regime of discharge, which will certainly arise in the presence of protocols a little more sophisticated than classic ARQ. In order to illustrate the above technique, we give some results with reference to an arbitrary power profile with parabolic shape, viz.,
We assume that the initial power, P 0 , can be varied while keeping constant the area and the total relative decrease of the output power. This results in the following functional form
where d 4 = P (U )=P 0 and
The average total number of correctly received packets is now found according to (12) , and can be rewritten as adapt., d=0.1 GBN, d=0.1 adapt., d=0.5 GBN, d=0.5 adapt., d=0.75 GBN, d=0.75 adapt., d=0.9 GBN, d=0.9 2 ) dx (17) is the global average success probability. The quantity (18) allows us to compare the energy efficiency of different parabolic power profiles. As an example, (P 0 ) is plotted vs. P 0 in Figure 5 . It can be seen how the parameter d affects the performance, which of course tends to that found for a step profile as d ! 1. The results we obtained through the recursive technique (not shown in Figure 5 ), match very well with the analytical ones, confirming the validity of the smoothness assumption, as expected. From this simple example, it is also possible to see how the behavior of the energy efficiency can be varied according to the different possible choices of the parameters. It is expected that, as the number of degrees of freedom in the choice of the power profile is increased, it will be more and more possible to determine the energy efficiency characteristics of the protocol. Therefore, it seems that if some control on the power management strategy and on the output characteristic of the power source can be implemented, additional flexibility and better performance can be achieved.
V. CONCLUSIONS
In this paper, we studied error control in an energy constrained environment, as arises in mobile data communications. A Rayleigh fading channel is considered and modeled as a Gilbert channel, which results in a Markov model for the whole protocol operation. Through Markov analysis and a recursive technique, the trade-off between instantaneous performance (QoS parameters) and global energy efficiency is investigated. Results showed that decreasing the transmit power in favor of an increased number of transmission attempts can be a more efficient strategy than maximizing the throughput per slot. Also, it is shown how, under certain conditions and for the same battery parameters, a simple adaptive mechanism can significantly increase the total number of delivered packets with respect to the classic ARQ scheme. This fact encourages us to further investigate adaptive protocols which are able to react to the channel conditions and to optimize the energy management. Other relevant research topics, currently under study, include a more accurate modeling of the error process, possibly taking into account the modulation/coding details, and a realistic characterization of the power profile for the batteries used in practice, including stochastic regime of discharge and possible recovery effects during silent periods.
